INTRODUCTION
A central tenet of life history theory is that organisms must divide their limited resources among the competing demands of fitness-related traits such as maintenance, growth, reproduction, longevity, and immunity (Stearns 1992 , Roff 1993 , Reznick et al 2000 . This consequently results in trade-offs within individuals among their life history traits such that increased investment in reproduction, for example, will inevitably result in fewer available resources for other traits such as immunity (Jones 1990 , Stearns 1992 , Reznick et al 2000 , Lawniczak 2007 ).
Predicting how fitness-related traits should relate to immune function becomes more complicated when we consider inter-individual differences. van Noordwijk and de Jong's model (1986) shows that the correlation between two life history traits might be positive or negative depending on how individuals vary in their capacity to acquire resources relative to their allocation strategy (see also Reznick 2000) . This model shows that when individuals vary little in their resource acquisition but vary greatly in their trait allocation negative relationships between traits (trade-offs) emerge. A number of studies on insects have shown that a variety of fitnessrelated traits trade-off with immunity (see Table 1 ). For example, in male decorated crickets, Gryllodes sigillatus, the spermatophylax (the portion of the spermatophore that serves as a nuptial gift) decreases in size as the intensity of a parasite infestation increases (Luong and Kaya 2004) and sperm viability decreases in Teleogryllus oceanicus crickets after an immunechallenge with pathogenic bacteria Roberts 2005, Simmons 2011 ). Moreover, because sperm production is costly (Dewsbury 1982 , Nakatsuru & Kramer 1982 , Olsson et al 1997 , Kelly and Jennions 2011 , Scharf et al 2012 , immune function sometimes declines as reproductive demands increase. In another example, male G. sigillatus that were forced to produce more spermatophores tended to invest less in immunocompetence, measured as phenoloxidase activity, implant melanization, and lytic activity (Kerr et al 2010) . Adamo et al (2001) found that in the Texas field cricket (Gryllus texensis) immunocompetence, phenoloxidase activity and susceptibility to bacterial infection, decreases in reproducing males (but might increase in reproducing females). In the Japanese damselfly, Matrona basilaris japonica Fester, immunity and reproduction are negatively correlated so immune function (i.e. encapsulation) decreases as reproductive activity (i.e. copulation in males and oviposition in females) increases (Siva-Jothy et al 1998) .
van Noordwijk and de Jong's model also showed that when variation in allocation is greater than variation in acquisition a positive correlation between traits can emerge in some individuals. This generally means that higher quality males have more resources to spend on all traits. This is the basis of theories of parasite-mediated sexual selection because traits that increase an individual's sexual attractiveness are metabolically expensive to develop, maintain, and/or perform and so should reliably signal male quality to females (Hamilton and Zuk 1982) .
In other words, high metabolic costs can prevent individuals in poor condition [i.e. few resources at their disposal (Tomkins et al 2004) ] from producing attractive secondary sexual characteristics without appropriating resources from other important traits Hoback 1999, Fisher 1915 ). While there are some studies demonstrating trade-offs between attractiveness and immunity (Table 1 for examples in insects), little is known about how sexual attractiveness mediates the effect of an immune challenge on male reproduction and behavior.
Positive correlations between immunity and attractiveness can arise due to factors other than male quality. For example, Sadd et al (2006) showed that immune-challenged male mealworm beetles not only increased their immune function (PO levels) but they also increased their sexual attractiveness through increased pheromone production. The authors explained that this was likely an example of terminal investment, which is defined as increased investment in reproduction at the cost of survival (Clutton-Brock 1984) . Nonetheless, a positive correlation between immune function and attractiveness emerged, which was not due to male quality per se.
Therefore, biologists need to proceed with caution when interpreting data in organisms that can modulate attractiveness at the cost of survival. Animals that invest in permanent sexually attractive structures, such as large body size, cannot rapidly change the amount of resources allocated to current reproduction. For instance, a bird that invests heavily in sexually attractive plumage during development cannot change the amount of resources left for other life history traits later in life. Male mealworm beetles, on the other hand, can quickly change the amount of resources they invest in current reproduction (pheromone production) depending on their likelihood to survive for future reproduction. Kivleniece et al (2010) found that male mealworm beetles are less attractive than controls after a single parasite-like activation event of the immune system, but are more attractive than controls after repeated exposure of a parasite-like immune challenge (Kivleniece et al 2010) . This shows that males may reallocate resources to invest in survival or a terminal investment depending on the intensity of infection.
Maximizing fitness often requires maximizing lifespan as well as maximizing reproduction. In addition to eliciting an immune response to pathogens, animals often aid their recovery by reducing their eating, drinking, movement, and grooming activity (Hart 1988 , Kyriazakis et al 1998 . These are collectively known as sickness behaviors. By reducing investment in energetically demanding behaviors, animals might reduce the impact of a trade-off between immunity and other life history traits. For example, illness-induced anorexia reduces the trade-offs between immunity and digestion in Gryllus texensis (Adamo et al 2010) . Despite the study of sickness behavior receiving considerable attention, we know very little about how sexual attractiveness mediates the effect of an immune challenge on sickness behavior.
Gryllus crickets are an excellent model system to investigate the trade-offs between immunity and attractiveness. Crickets have a short lifespan (Jacot et al 2004) , male reproductive effort is easily measured (Gress and Kelly 2011) , and, because there is no parental care and only one breeding season (Cade and Cade 1992) , resources crickets reallocate from immunity to reproduction might have significant positive effects on reproductive fitness (Adamo et al 2001) .
The relationships between reproduction and immunity are well studied in crickets making them a useful model system for disentangling these relationships (Luong and Kaya 2005 , Tregenza et al 2006 , Shoemaker and Adamo 2007 , Simmons 2011 . On the other hand, there is considerable variation among and within species as to what females find attractive and there are many factors involved in attractiveness that are not well studied and/or have equivocal evidence: body size, pheromones, behavior, etc. There are a few attributes of attractiveness that are well-studied in Gryllus, for instance, female crickets prefer males with calling songs that have high chirp rates, long duration, and loud amplitude, which are energetically expensive to produce (Hoback and Wagner 1997; also in Physalaemus Bucher et al 1982) . Therefore, only males in good condition have the energetic resources available to frequently produce attractive calls (Wagner and Hoback 1999) and are more likely to attract a female and entice her to mate. In ground crickets, Allonemobius socius, male calling behavior changes (the time between pulses within chirps is longer) when males are immune challenged (Fedorka and Mousseau 2006) . However, the effects of immune challenges on total reproductive effort, particularly reproductive behaviors, and how they correlate with attractiveness are still largely unknown.
In this study, I investigate whether male attractiveness mediates trade-offs between reproduction and immunity in the Texas field cricket (Gryllus texensis: Orthoptera, Gryllidae). I used controlled experiments in the laboratory to test Hypothesis 1: that attractive males are better able to acquire and assimilate nutritional resources compared to unattractive males (see Hypothesis 1 in Table 2 ). Under Hypothesis 1, I predict 1) that an immune-challenge will cause more sickness behaviors in unattractive males but not in attractive males, 2) that an immunechallenge will cause unattractive males to increase calling behavior, and 3) that attractive males will have better body condition than unattractive males (Wagner and Hoback 1999 ). An alternative hypothesis (see Hypothesis 2 in Table 2 ) poses that attractive and unattractive males have similar resource pools but vary in how they allocate those resources. Under Hypothesis 2, I predict: 1) that an immune-challenge will cause more sickness behaviors in attractive but not in unattractive males, 2) that an immune-challenge will cause attractive males to increase calling behavior, and 3) that they do not differ in their body condition. To test these predictions, I
immune-challenged sexually attractive and unattractive male crickets with an immune elicitor, lipopolysaccharide (LPS), and then examined the effects on a variety of fitness-related behaviors and the presence of a spermatophore.
EXPERIMENT MATERIALS AND METHODS

Study Species and Laboratory Maintenance
Gryllus texensis is a field cricket ranging from western Texas to western Florida and from Oklahoma to Mexico (Cade and Otte 2000) . G. texensis males attract females to their location with a calling song and entice them to mate with a courtship song (Fitzpatrick and Gray 2001; Gray and Eckhardt 2001) . Copulation requires females to voluntarily mount males, after which the male vibrates his cerci while passing a spermatophore to the female. The spermatophores only transfer ejaculate and do not have a spermatophylax (food gift) attached. Males cannot force copulation. Spermatophore transfer generally takes 5-6 seconds (personal observation).
Crickets were lab-reared descendants of individuals originally caught in Austin, TX (USA) in 2012 and 2013. The laboratory colony of crickets was reared in large communal bins (73x41x46 cm) until their penultimate instar, after which they were kept in large sex-specific communal bins. Upon eclosion to adulthood, crickets were each transferred to individual 10 cm deli cups. All crickets were housed in an environmentally controlled room (27° C, 12:12 h light:dark cycle, 80% relative humidity) and were supplied with cotton-plugged water vials and dry cat food (Special Kitty Premium Cat Food) ad libitum. Crickets were used in experiments 10-14 d post-eclosion to ensure they were sexually mature.
Morphological Traits
Before the experiment began, all males were weighed on a Denver Instruments TP-64 digital balance and photographed to measure pronotum length (the distance from the anterior to posterior edges of the pronotum at the midline) as a proxy for body size. After the behavioral trial, all males were frozen, dissected, and their testes removed. Testes were put on a bridge slide (a microscope slide with 4 cover slips glued to each side so that specimens can be placed in the center and pressed to the same thickness) and photographed. The area touching the coverslip was measured using ImageJ (National Institute of Health). All photographs were taken using a Leica S6D stereomicroscope and Leica Application Suite image analysis software (Leica Microsystems Inc., Buffalo Grove, IL, USA).
Quantifying Attractiveness
I assessed the attractiveness of each experimental male by using the tournament-based protocol of Shackleton et al (2005) , which uses latency to mate to compare female preference for different males (see A1). I opted for this method because the female preference of conspecifics takes the whole male into account rather than assigning attractiveness on a single measureable trait, such as body size or courtship calling, which does not encompass all the traits that females might find attractive. Latency to mate is a common measure for attractiveness (Ritchie et al 1999 , Head et al 2005 , Shackleton et al 2005 , Bussiere et al 2006 . All trials were conducted under red light (25 watt, 125 volt, Red Sylvania bulb) to minimize observer disturbance. Two rounds of trials were done on two consecutive days and all experimental activity started as the light cycle switched from light to dark. Twelve males were put in individual 10 cm diameter deli cups with white paper lining the bottom (for traction) and a randomly selected female. For logistical reasons, the lining was not changed between rounds that occurred on the same day (rounds 1 and 2 and rounds 3 and 4) and remained with the same male. Whichever male was mounted (but not mated) first was ranked 1, and the last male mounted was ranked 12 (if multiple males did not mate within 60 minutes they shared the average of the remaining ranks).
A female must have remained on top of a male while he vibrated his cerci for 3 seconds to be considered a 'mounting' and they were separated before the male transferred a spermatophore to the female. In the second round females swapped places with the female paired with the male of corresponding opposite attractiveness, so the female paired with the highest-ranking male and the female paired with the lowest-ranking male in the first round switched males for the second round. This helped control for individual female willingness to mate. After the second round, females were returned to their individual deli cups with a white paper lining for the next 22 hours, which were later used to build the behavior arenas. On the second day, the same females were randomly paired with a male they had not been paired with previously for the third trial.
For the fourth trial, females swapped places with the female paired with the male of corresponding opposite attractiveness in the third trial. Again, a fresh piece of white paper was used to line the bottom of the female deli cups for the next 22 hours for use in the behavioral arenas.
Ranks from all four trials were summed for the males. Those with the four lowest sums were considered attractive while those with the four highest sums were considered unattractive.
The four mid-ranking males were discarded from the behavior study. Seven rounds of attractiveness trials produced the 28 attractive and 28 unattractive males that were used in the behavior study.
Administering an Immune Challenge
After the males' attractiveness was determined, I immune-challenged the attractive and unattractive males by following the protocol of Shoemaker and Adamo (2007) . This third day of the experiment was also started when the light cycle changed from light to dark. Timing was staggered so that 2 crickets were anesthetized and injected per 10 minutes. First, I cold anesthetized two crickets simultaneously by placing them in a clean 10 cm deli cup pressed in ice for 10 minutes. Males were injected using a microcapillary needle (needles were used only once) along the left pleural region of their abdomen. Microcapillary needles were made in a Flaming/Brown Micropipette Puller (Sutter Instrument Co. model P-97, program 27) with KwikFil's borosilicate glass capillaries. Fourteen attractive males and 14 unattractive males were injected with 5µL of saline (phosphate-buffered saline, Sigma-Aldrich), and 14 attractive males and 14 unattractive males were injected with 100µg of Lippopolysacharides from Serratia marcescens (LPS, Sigma-Aldrich), dissolved in 5µL of saline. S. marcescens is a common soil microbe where G. texensis occur and is potentially a natural pathogen (Stevenson 1959) . LPS stimulates the cricket's immune system to protect the body from what it 'interprets' as a bacterial infection; however, this method does not induce disease symptoms. Recordings began one hour after males were injected to allow the LPS to take effect and lasted 5 hours (see below). This timeframe for challenging and measuring males' behavior falls within the active period of the LPS injection (Yusuke et al 1994) .
Recording Behavior
Immediately following injection of LPS or saline, males were put into a 9" x 6" x 6 ½" arena (Exo Terra Faunarium). The ventilated section of the lids were removed and replaced with a mesh screen. The arena contained a paper shelter (made from an Oxford 3"x5" index card cut into 4 strips), one piece of Special Kitty cat chow, and a water vial all fixed with hot glue to a white paper lining the bottom (Adler and Uebel 1985, Silverman 1986) . Two randomly-chosen papers from female deli cups were placed under the arena lining to introduce the pheromones of reproductively mature females and elicit reproductive behaviors. Males were given one hour to acclimate to the arena after which a spermatophore was taken by using forceps to move the subgenital plate downward and gently lift the spermatophore from the genital chamber. This spermatophore was discarded and forced males to produce a new spermatophore during the immune challenge or continue without the possibility of mating. The males were then recorded for 5 h with a Canon Vixia HFG10 HD camcorder. Crickets did not all share the same start time of the acclimatizing hour and behavior recordings. They were staggered so that 2 crickets were processed per 10 minutes and the first and last crickets only had a difference in start time of 30 minutes. The behavioral trials were filmed using four CMVision IR200-940 IR Illuminators (18 watt, infrared lamps) and one red light for the observer to see. During the trials, I also directed a microphone (Dynex USB, DX-USBMIC13) toward each male for 5 seconds every five minutes to assess male calling. For each male, I held the microphone above the screen top of its arena, within 9 inches of the male. I used QuickTime Player (version 10.2, Apple Inc.) to visualize any sound detected by the microphone and documented whether or not an individual was calling.
Calling males were assigned a value of 1 whereas males that were not calling were assigned a value of 0 for each 5-minute interval. This procedure allowed me to estimate the individual calling effort of each male in real time. In addition, I noted times during the trials when males ate. At the end of the five-hour behavioral trials, males were checked for the presence of a spermatophore and videos were analyzed for movement and hiding behaviors using the program EthoVision (XT 8.5, Noldus). To assess how the behaviors changed over time, I binned all of the data into half-hour bins. For movement, I quantified both time spent moving and time spent stationary/hidden each half hour. For hiding, I quantified both time spent in the shelter and time spent exposed per half hour. I quantified calling as the number of occasions that I observed males calling per half hour. Because I only used the microphone to assess calling once every 5 minutes, the maximum number of times that a male could call in each half-hour bin was 6.
Statistical Analysis
I used pronotum length because it is a common proxy for body size in orthopterans (Gwynne 1988 , Zuk 1988 , Larson et al 2013 . To examine body condition I used the scaled mass index method described by Kelly et al (2014) . I then used a T test to compare the scaled mass index of attractive and unattractive males (N=62). I used a T test to determine if the attractive and unattractive groups differed in body size (N=62). I then used an ANCOVA (with body size entered as a covariate) to determine if testis size differed between attractive and unattractive males (N=62).
I used binomial generalized linear models to determine if spermatophore presence was correlated with body size or attractiveness before males were injected and again after the injection to determine if spermatophore presence changed with an immune challenge (N = 56). 
RESULTS
Attractiveness Groups
The attractive and unattractive groups did not differ in pronotum length (T= -0.537, d.f. = 57.359, P = 0.594) or in body condition (T= -0.455, d.f. = 59.917, P = 0.651, Figure 1 ). Testis size did not differ between attractive and unattractive groups (F 1,75 = 0.232, P = 0.632).
Spermatophore Presence
Spermatophore presence was not correlated with either attractiveness (χ 2 = 0.00, d.f. = 1, P = 1.00) or body size (χ 2 = -0.032, d.f. = 1, P = 0.974) prior to the immune challenge (Table 4) . 
Calling
There was a significant interaction between attractiveness and injection treatment on calling frequency (χ 2 = 6.009, d.f. = 1, P = 1.86e-09). Attractive males called significantly more frequently when injected with LPS than saline. Unattractive males called significantly less frequently when injected with LPS than saline (Figure 2 ).
Feeding Events
There was a significant interaction between injection treatment and attractiveness (Males decreased the number of eating events as time since injection increased (χ 2 = 12.071, d.f. = 1, P = 0.022, see A3). There was a trend (non-significant) for attractive males to eating more frequently when injected with saline than LPS, whereas unattractive males (also non-significant) tended to eat more frequently when injected with LPS than saline (Table 3) .
Distance Traveled
All males increased the distance they traveled as the time since injection increased (F 1, 491.88 = 19.998, P = 9.636e-6, See A5). There were no significant differences in distance travelled between attractiveness (F 1, 52.99 = 1.52, P = 0.223) or injection treatment (F 1, 52.99 = 0.084, P = 0.774).
Hiding
There was a significant interaction between treatment and time since injection (χ 2 = 2.255, d.f. = 1, P = 0.024, Figure 3 ). Unattractive males and attractive males injected with LPS hid the same amount throughout the night. Attractive males injected with saline hid less early on but then hid as much as the others later on.
DISCUSSION
Being sexually attractive has obvious benefits for animals, allowing increased reproductive opportunities (Andersson 1994) . However, traits that make individuals more sexually attractive are often energetically expensive and may incur additional costs such as increased threat of predation (Andersson 1994, Zuk and Kolluru 1998) If attractive males acquire and assimilate more resources than unattractive males, as proposed by Hypothesis 1, attractive males should invest more heavily in all life history traits than unattractive males. Under this hypothesis, attractive males are predicted to be in better condition, have larger testes, and have a spermatophore prepared more frequently (i.e., shorter refractory time) than unattractive males (Simmons 1986A; Simmons 1988; Andersson 1994; Brown et al 1996) . In addition, attractive males are predicted to mount an immune defense with relatively little cost to their other life-history traits. Thus, when immune challenged, attractive males should not significantly alter their calling, eating, hiding, or movement in response to an immune challenge, whereas unattractive males are predicted to display significantly altered behaviors and perhaps terminally invest. However, I observed that male attractiveness was not correlated with body condition, testis size, or refractory period. Furthermore, contrary to the predictions of Hypothesis 1, attractive males altered their calling effort and displayed sickness anorexia in response to an immune challenge while unattractive males did not. These results allow me to reject Hypothesis 1.
Under Hypothesis 2, all males are similarly able to acquire/assimilate resources, but males differentially allocate resources to attractiveness. Body condition is predicted to be similar between attractive and unattractive males under this hypothesis, as I observed. In addition, Hypothesis 2 predicts that attractive males will have reduced resources available to mount an immune defense, and thus be more negatively impacted by an immune challenge than unattractive males. If resource availability in attractive males is insufficient to survive infection, an immune challenge might also force attractive males to produce a terminal investment. As predicted by Hypothesis 2, attractive males in my experiments altered their behavior in response to an immune challenge while unattractive males did not. Moreover, the behavioral changes made by attractive males suggest that they exhibited a terminal investment: attractive males increased their calling efforts and decreasing feeding in response to an immune challenge. If, in fact, attractive males are in such good condition and have accumulated so many resources that they do not need to eat after an immune challenge they should eat the same amount as males that were injected with saline. These behavioral changes could increase short-term reproductive output, but at the expense of surviving the immune challenge. Taken Since the fixed attributes measured in this study (body and testis size) did not contribute to attractiveness, perhaps males can rapidly change resource allocation to and from attractive traits (e.g. behavior or pheromone production). If so, attractiveness might have low repeatability over their reproductive life span. Because I observed consistent differences in behavior between attractive and unattractive males for 3 days, attractiveness is likely repeatable over this time-span, but might not be over longer time-spans. It would be informative to conduct a similar study in a species that cannot change their sexual attractiveness quickly (i.e. the plumage in the male long-tailed widowbird, Andersson 1982) .
There are several ways one could improve upon this study for future work. For example, it would be useful to include a "control" group. Males injected with LPS and saline should be My results suggest that variation in attractiveness among male Texas field crickets results from differential allocation of similar resource quantities. Because of this, attractive males were more negatively impacted by an immune challenge than unattractive males. In this system, attractiveness is not an honest signal of all-around quality and males appear to be under selection to express attractive traits at the expense of other traits, particularly immunity. 
